Background ADHD is the most common neuropsychiatric condition affecting individuals of all ages. Long-term outcomes of affected individuals and association with severe comorbidities as SUD or conduct disorders are the main concern. Genetic associations have been extensively described. Multiple studies show that intronic variants harbored in the ADGRL3 (LPHN3) gene are associated with ADHD, especially associated with poor outcomes.
Background ADHD is the most common neuropsychiatric condition affecting individuals of all ages. Long-term outcomes of affected individuals and association with severe comorbidities as SUD or conduct disorders are the main concern. Genetic associations have been extensively described. Multiple studies show that intronic variants harbored in the ADGRL3 (LPHN3) gene are associated with ADHD, especially associated with poor outcomes.
Methods
In this study, we evaluated this association in the Multimodal Treatment Study of children with ADHD (MTA), initiated as a 14-month randomized clinical trial of 579 children diagnosed with DSM-IV ADHD-Combined Type (ADHD-C), that transitioned to a 16-year prospective observational follow-up, and 289 classmates added at the 2-year assessment to serve as a local normative comparison group (LNCG) . Diagnostic evaluations at entry were based on the Diagnostic Interview Schedule for Children-Parent (DISC-P), which was repeated at several points over the years. For an add-on genetic study, blood samples were collected from 232 in the MTA group and 139 in the LNCG.
Results
For the 205 MTA participants, 14.6% retained the DISC-P diagnosis of ADHD-C in adolescence. For 127 LNCG participants, 88.2% remained undiagnosed by the DISC-P. We genotyped 15 polymorphic SNP markers harbored in the ADGRL3 gene, and compared allele frequencies for the 30 cases with continued diagnosis of ADHD-C in adolescence to the other participants. Replication of the association of rs2345039 ADGRL3 variant was observed (P value = 0.004, FDR corrected = 0.03; Odds ratio = 2.25, upper CI 1.28-3.97).
Conclusion
The detection of susceptibility conferred by ADGRL3 variants in the extreme phenotype of continued diagnosis of ADHD-C from childhood to adolescence provides additional support that the association of ADGRL3 and ADHD is not spurious. Exploring genetic effects in longitudinal cohorts, in which refined, age-dependent phenotypes are documented, is crucial to understand the natural history of ADHD.
Introduction
Family, twin, and case-control-based linkage and association studies indicate that genetics play a crucial role in shaping susceptibility to both ADHD and disruptive behaviors (Arcos-Burgos et al. 2012; Jain et al. 2012) . Using genome wide data, we found evidence of linkage of ADHD to chromosomes 4q13. 2, 5q33.3, 8q11.23, 11q22, and 17p11 (Arcos-Burgos et al. 2004) . Furthermore, linkage and association analyses revealed not only cosegregation between ADHD and disruptive behaviors but also the existence of common signals of linkage to several loci (Jain et al. 2007 ). Reverse genetics allowed us to identify variants in the adhesion G-protein-coupled receptor L3 gene (ADGRL3, also known as latrophilin 3 or LPHN3) (Accession number NC_000004.12, GRCh38.p2) (OMIM:616417) at 4q13.2 that predisposes to ADHD and disruptive behaviors Acosta et al. 2011; Domene et al. 2011; Martinez et al. 2011; Ribases et al. 2011; Jain et al. 2012) . Using cohorts of thousands of individuals from Colombia, Germany, Norway, Spain, and the United States, we found a significant homogeneous genetic effect of ADGRL3 variants predisposing to ADHD in children, adolescents, and adults, and predicting the response to stimulant medication, (ArcosBurgos et al. 2010 (ArcosBurgos et al. , 2012 Ribases et al. 2011; Fallgatter et al. 2013 ). These results were independently replicated in four additional pharmacogenetic studies from Canada, Brazil, and Korea (Choudhry et al. 2012; Labbe et al. 2012; Bruxel et al. 2015; Hwang et al. 2015) .
ADGRL3 is a member of the latrophilin subfamily of G-protein-coupled receptors (GPCRs) (Martinez et al. 2011) . Latrophilin ADGRL1 and ADGRL2 serve as receptors for alpha-latrotoxin, a component of the venom of the black widow spider (Latrodectus mactans) (Martinez et al. 2011) . We showed that ADGRL3 is only expressed almost exclusively in the brain and mostly is highly expressed in regions neurophysiologically associated with the pathology of ADHD . Recently, the identification of the fibronectin family of leucine-rich repeat transmembrane protein 3 (FLRT3) was identified as an endogenous postsynaptic ligands for ADGRL3, facilitated the identification of a high-affinity trans interaction between the ADGRL3 ectodomain with its ligand, FLRT3 (O'Sullivan et al. 2012 ) and interfering with this interaction reduces excitatory synapse density in cultured neurons and decreases afferent input strength and dendritic spine number in dentate granule cells. This suggests that the ADGRL3 and its ligand-FLRT3 partnership plays an important role in glutamatergic synapse development (O'Sullivan et al. 2012) . We found that gene ontology pathways involved in axon guidance, regulation of synaptic transmission, and regulation of transmission of nerve impulse, are overrepresented when ADGRL3 variants associated with ADHD are tested. In agreement with our results, data from a mutant knockout mouse model null for the Adgrl3, gene as well as the loss of function of the ortholog adgrl3.1 during zebrafish development, also support the implication of ADGRL3 in ADHD pathophysiology (Arcos-Burgos et al. 2012; Lange et al. 2012; Wallis et al. 2012) .
In this study, we explored the association of ADGRL3 variants with ADHD in the Multimodal Treatment Study of children with ADHD (MTA). The MTA study was initiated as a 14-month randomized clinical trial of 579 children diagnosed with DSM-IV ADHD-Combined Type (ADHD-C, between 7.0 and 9.9 years of age) that transitioned to a 16-year prospective observational follow-up, and 289 classmates added at the 2-year assessment to serve as a local normative comparison group (LNCG). Outcomes at the end of the randomized clinical trial and at follow-up in childhood and adolescence have been reported (1999; Jensen et al. 2007; Molina et al. 2013 Molina et al. , 2009 Molina and Pelham 2003) . Exploring genetic association in longitudinal studies, in which age-dependent refined phenotypes are ascertained prospectively, is crucial to better understand genetic effects on the natural history of ADHD (Faraone et al. 2006; Franke et al. 2012 ).
Material and Methods

Ethical complience
The MTA study is a cooperative treatment study performed by six independent research teams in collaboration with the Division of Services and Intervention Research, National Institute of Mental Health, and the Office of Special Education Programs, U.S. Department of Education, Washington, DC (The MTA Cooperative Group 1999). Research was conducted in accordance with the ethical guidelines of both local institutional review boards and the National Institutes of Health Office for Protection From Research Risks, Bethesda, MD.
Subjects
The MTA was designed to evaluate long-term effects of treatments for ADHD in a 14-month randomized controlled trial of 579 children assigned to a four treatment groups -medication management, behavior modification, their combination, and treatment as usual in community care. After the 14-month treatment-by-protocol phase, the MTA continued as a naturalistic follow-up, in which self-selected use of psychoactive medication was monitored. A LNCG of 289 randomly selected classmates group-matched for grade and sex was added when the ADHD participants were between 9 and 12 years of age. The outcomes in childhood (14, 24, 36 months after baseline), and adolescence (6 and 8 years after baseline) have been reported (1999; Jensen et al. 2007; Molina et al. 2013 Molina et al. , 2009 Molina and Pelham 2003) . In the MTA, the participants were diagnosed in childhood based on the DSM-IV criteria for ADHD subtypes (hyperactive/impulsive, inattentive, and combined) using the Diagnostic Interview Schedule for Children-Parent Version (DISC-P), supplemented with teacher report of symptoms. The DISC-P was administered at entry (in childhood) and at each of the prospective follow-up assessments, including the 6-year follow-up when the participants were between 13.0 and 15.9 years of age in thus in adolescence.
Clinical observations and longitudinal studies document that symptom presence and severity decrease over time in some children with ADHD, resulting in decreased diagnosis with age (Faraone et al. 2006; Franke et al. 2012 ). In the prospective follow-up of the MTA, a refined phenotype based on DSM-IV diagnostic persistence was established by determining the cases that maintained the parent-reported symptoms of the disorder in adolescence (persistent ADHD-C). We used this refined phenotype to study the association of the ADGRL3 genetic variants with ADHD. We hypothesized that those with persistence of the symptoms that qualified them for entry into the study as children would be more likely as adolescents to have ADGRL3 genetic susceptibility compared to those whose diagnostic subtype shifted or disappeared. This highly vulnerable subgroup may also be more susceptible to poor outcomes as described elsewhere ).
Genotyping
Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Maxi Kit (QIAGEN, Germantown, MD). Samples were subjected to whole-exome genotyping using the Illumina â HumanExome BeadChip-12v1_A, which covers putative functional exonic variants selected from over 12,000 individuals. The exonic content consists of >250,000 markers representing diverse populationsincluding European, African, Chinese, and Hispanic individuals -and a range of common conditions, such as type 2 diabetes, cancer, metabolic, and psychiatric disorders. Four open controls per 96-well-plate were used for internal quality control, including two positive and two blank controls. Duplicates assessed data quality across all plates. Genotyping from nonmatching duplicates was dropped. Only data generated by SNP assays that were successfully genotyped on at least 90% of samples were analyzed. In addition, we genotyped the ADGRL3 (Accession number NC_000004.12, GRCh38.p2) susceptibility haplotype variants rs2345039, rs6551665, and rs1947274 
Quality control and filtering
GenomeStudio data were imported to SVS 7.6.7, Golden Helix's â (Golden Helix, Inc. Bozeman, MT (http://www.-goldenhelix.com), an integrated collection of analytic tools for managing, analyzing, and visualizing multifaceted genomic and phenotypic data. Parameters for excluding markers from analyses included: (1) deviations from the Hardy-Weinberg equilibrium with P < 0.0000002 (0.05/ 250.000 markers) in both cases and controls, (2) a genotype call rate <90%, and (3) the presence of both more or less than two alleles. Genotype and allelic frequencies were estimated by maximum likelihood. Data subsets for common and rare variants where established using a minor allele frequency (MAF) criterion of 1.0% that was estimated from the whole sample data. Linkage disequilibrium (LD) pruning using CHM was applied to the subset of common markers using as parameters a window size of 50 markers with a window increment of 50 and an r 2 threshold of 0.5. With this pruned subset of common markers, matrices of identity by descent (IBD) and probability of identity were estimated. Those were used afterward for the mixed models analyses.
Genetic analysis
Single allelic, additive, and dominant linear-mixed effect models (LMEMs) (Liu and Leal 2010a,b; Segura et al. 2012) were fitted to test the association of these variants to ADHD. The advantage of these models is the inclusion of both fixed (sex and years of education, among other clinical variables) and random effects (the later to account for kinship effects by including the IBD matrix). The singlelocus LMEM assumes that all loci have a small effect on the trait, while multi-locus LMEM assume that several loci have a large effect on the trait. In a single-locus model, the association between the variant of interest and the disease trait is tested after covariates and genetic stratification are controlled for. Conversely, in a multi-locus model the association is tested after covariates, genetic stratification and the effect of the remaining m-1 variants are controlled for. These recently emerged methods have been proven to be more powerful than existing methods (Segura et al. 2012) . Furthermore, this family of models allows handling of confounding effects and account for loci of small-and largeeffect in structured populations with a small computational burden (Segura et al. 2012 ). Variants significantly associated with the ADHD phenotype were determined after correction by multiple testing using the false discovery rate (FDR) (Benjamini and Hochberg 1995) and an alternative method based on extreme-values theory (V elez et al. 2014) . As this is an attempt of evaluate an already known association, we have used the criterion of a P-value ≤0.10 to consider a positive replication.
Results
A full description of demographic and clinical variables of the MTA has been published elsewhere (1999; Jensen et al. 2007; Molina et al. 2013 Molina et al. , 2009 Molina and Pelham 2003) . For a genetic add-on we genotyped 371 volunteers (280 males, 75%), consisting of 232/579 = 40.0% of the MTA group and 139/289 = 48.1% of the LNCG. Diagnoses from the 6-year DISC-P were available for 205 of the MTA and 127 of the LNCG volunteers. For the 205 MTA participants in the genetic add-on study, 30/205 (14.6%) retained the DISC-P diagnosis of ADHD-C in adolescence, but 175/205 (85.4%) did not, with switches in adolescence to ADHD-Inattentive Type (ADHD-I) for 59/205 (28.8%), ADHD-Hyperactive Type (ADHD-HI) for 8/205 = 3.9%, and no subtype of ADHD for 108/205 (52.7%). For the 127 LNCG participants in the genetic add-on study, 112/127 (88.2%) remained undiagnosed in adolescence by the DISC-P, but 15/127 (11.8%) did not, and all of these 15 were diagnosed with Adolescent ADHD-I (see Fig. 1 and Table 1 ).
Using LMEMs we initially compared allelic, genotype, and haplotype data of MTA and LNCG at the base line diagnosis but found no significant differences. For the subgroup with persisting combined type ADHD, we found significant associations with ADGRL3 for allelic and haplotype comparisons, when compared with the other adolescent subgroups (adolescent ADHD-I, ADHD-HI, or Non-ADHD). The minor allele C at the marker rs2345039 was significant (P = 0.005) after corrections by multiple comparisons (P FDR = 0.04), which is the same marker reported to be significant in the original manuscript that described variants harbored in ADGRL3confer-ring susceptibility to ADHD by our group . The haplotype analysis show that a haplotype involving rs2345039-rs61747658-rs1397548 (CAA) is significantly associated with a refined phenotype of adolescent-persistent ADHD-C when compared with the LNCG (P = 0.005, P FDR = 0.05; Odds ratio = 3.47, CI-95% 1.37-8.74 (Table 2) . This significant association, based on a comparison of the n = 30 cases with persistent ADHD-C versus the LNCG, was independent of the fitted model, that is, allelic, genotype dominant, or genotype codominant, and in each case the association tolerated FDR correction (Table 3) . We also compared the subgroup with persisting ADHD-C with the subgroup consisting of the other subtypes representing partial manifestation of the full syndrome (ADHD-I and ADHD-HI), but we found no differences.
Discussion
A large number of studies show that ADGRL3 variants predispose to ADHD, modulate the pattern of brain metabolism, and predict ADHD severity (comorbidity with conduct disorder [CD] , oppositional defiant disorder [ODD] , and substance used disorder [SUD] ) and response to stimulant medication (Arcos-Burgos and Muenke 2010; Acosta et al. 2011; Martinez et al. 2011; Ribases et al. 2011; Jain et al. 2012) . Furthermore, ADGRL3 susceptibility variants interact with haplotype variants harbored at chromosome 11q22 in the region of NCAM1, TTC12, ANKK1, and DRD2 genes (Jain et al. 2012) . It is clear now that the association between ADHD and ADGRL3 variants identifies a subtype of the condition characterized by the presence of severe externalizing symptoms and consequently a complex prognosis of persistence and graveness. Table 2 . Allelic association analysis of markers harbored in the ADGRL3 (Accession number NC_000004.12, GRCh38.p2). An FDR correction was applied to account for multiple comparisons. In this manuscript, we present additional evidence that the ADGRL3 variant rs2345039, previously reported to be associated with the ADHD susceptibility haplotype, predisposes to the development of a refined ADHD phenotype characterized by persistence of ADHD combined subtype symptoms into adolescence. The fact that we are detecting association of the ADGRL3 variants in an extreme phenotype based on outcome of 6 years after childhood diagnosis -and confirmed by a rigorous prospective follow-up -provides additional evidence that the association with ADGRL3 not only is not spurious, but also is associated with a more severe form of ADHD.
These findings may partially explain the heterogeneity of longitudinal course in ADHD that includes differential symptom reduction with age, comorbidity, and ultimately, overall long-term physical and mental health. Limitations of this study include the use of a final small sample size for those with persistent phenotype for ADHD at 6 years of age. However, it is known that in small sample size cohorts, where a high number of markers have been genotyped, major fluctuations in the distribution of significant values might appear and, consequently, spurious associations might reach significance. To control for this problem, we corrected by multiple comparisons using FDR as described in the Methods section. Furthermore, given that the direction of association between ADHD susceptibility and LPHN3 variants is well known, a P-value of 0.10 was selected as the threshold to declare significance. The reason for selecting this threshold lies in the demonstration that for a given P-value, the probability of replicating a significant result, under certain assumptions, is smaller than expected. Or better, as described by Goodman (Goodman 1992) : "It is shown that if the observed difference is the true one, the probability of repeating a statistically significant result, the "replication probability", is substantially lower than expected".
Continued research on this genetic variant in samples followed into adulthood, and that include comprehensive assessment of symptoms and functioning, is warranted.
